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The aim of this research was to perform in situ quantiﬁcation, morphometry evaluation,
and apoptosis analysis of ovarian follicular wall cells in mechanically isolated follicles
obtained from ovaries of bovine fetuses (Bos taurus indicus) between 3 and 9 months of
age. Apoptosis was evaluated using the terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling assay. The number of isolated follicles increased from 3 months
onward (102.5  141.1, mean  SEM), peaked at 6 months (12855.0  9030.1), and then
decreased by 7 months (3208.7  3249.5), consistent with atresia occurring at these
stages. Follicular density was greatest at 4 months, consistent with a sudden boost in
follicular activity independent of a corresponding increase in ovarian size. Antral follicles
were ﬁrst observed at 5 months. As fetal age increased, there was a tendency for the
percentage of primordial and primary follicles to decrease, and the percentage of
secondary follicles to increase. However, the high variability (P < 0.05) for all follicle
populations up to 5 months of age precluded further interpretation of these results. Oocyte
diameter increased from the primordial (23.6  4.4 mm) to the secondary follicular stages
(38.0  14.9 mm). Apoptosis was observed in ovaries from all fetal ages analyzed. We
concluded that preantral follicles could be isolated from bovine fetuses by 3 months of age,
with apoptosis affecting ovarian follicular dynamics throughout fetal life.
 2013 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction
The female of all domestic species and primates have
a ﬁnite stock of germ cells that is established in fetal life and
then used during folliculogenesis. Despite a large initial
follicle pool, only approximately 1% of this population
reaches the preovulatory stage during the female repro-
ductive life, with the majority undergoing atresia [1]. For
instance, the fetal ovaries of mice, cattle, and humans are
initially supplied with an average of 2.5105, 2.1106, and
6.8  106 germ cells, respectively [2–4]. Waves of ovarian
follicular degeneration have been reported in humans [2]3.
26
vier OA license.and cattle [3,5], with the bovine ovary containing only
approximately 200,000 follicles at birth [6].
Apoptosis, a morphologically distinct form of organized
cell death involved in homeostasis of many tissues and
organs [7], also has an important role in the processes of
ovarian follicular development and degeneration in all
mammals. The morphologic hallmarks of apoptosis include
cell shrinkage, plasma membrane blebbing, DNA frag-
mentation, and apoptotic body formation [8]. The ultimate
effectors of the apoptotic process are caspases, a group of
tightly regulated and highly speciﬁc proteases [9]. A
cascade of caspase activation resulting from proteolytic
cleavage of inactive precursor forms ultimately leads to the
activation of caspase 3, the common effector of this process
in all tissues [10].
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undergoing atresia [11–13], with an important role in the
physiology and endocrinology of granulosa and theca cells
[14,15]. In this regard, the terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL)
assay has been used to detect apoptosis in many cell types,
including in the ovaries of ovine [16] and human [17]
fetuses. In the adult bovine ovary, TUNEL and caspase
assays have also been used to demonstrate the role of
apoptosis in follicles undergoing atresia [18]. Although the
ovarian follicular population has been described [19–23],
the incidence of apoptosis in the bovine fetal ovary has
apparently not been reported.
Several techniques have been developed to isolate
oocytes and/or follicles, including mechanical isolation and
in vitro culture of preantral follicles [24–34]. In this study,
we used mechanical isolation of follicles, with the objective
of characterizing follicular density, in situ morphometry,
and the occurrence of apoptosis in ovaries obtained from
bovine fetuses of various ages.
2. Materials and methods
2.1. Chemicals and reagents
All products used in this study were purchased from
Sigma Aldrich Chemical Company (St. Louis, MO, USA).
2.2. Animals and samples
Bovine fetuses were obtained from dissection of the
uterus of cows (Bos taurus indicus) after slaughter.
2.3. Experiment I: Mechanical isolation of preantral follicles
and determination of follicular density
Ovaries were collected from 38 fetuses between 3 and 7
months of age and used to isolate and quantify the follicular
population. Fetal age was determined as follows
X ðX þ 2Þ ¼ Y
where X¼ number of months of gestation; 2¼ constant for
the cow; and Y ¼ crown-rump length of the fetus (CRL).
The CRL is the crown-rump distance along the vertebral
curvature, that is, from the highest point of the head to the
ﬁrst caudal vertebra [35]. After collection, ovaries were
weighed on an analytical balance and washed with 70%
alcohol and 0.9% saline solution containing antibiotics.
Thereafter, ovaries were stored in sterile bottles (containing
PBS with 200 IU/mL of penicillin and 200 mg/mL of strep-
tomycin) and transported to the laboratory in isothermal
containers at ambient temperature (approximately 30 C).
For each pair of ovaries, one was used for mechanical
isolation, and the other was processed histologically to
assess follicular density and morphology.
For follicular isolation, ovaries were sliced using a tissue
cutter (tissue chopper Mc Ilwain, The Mickle laboratory
Engineering Co., Ltd., Goose Green, Guildford, UK) into
fragments of 75 mm and placed in TCM-199. Fragments
were then mechanically dissociated by repeated pipettingwith a 1000 mL automatic pipette and ﬁltered successively
through nylonmeshes of 500 then 100 mm. Isolated follicles
were counted and classiﬁed under an inverted microscope.
To determine follicular density (primordial follicles/
mm2), ovaries were ﬁxed in 10% paraformaldehyde,
embedded in parafﬁn, sectioned with a Leika RM 2245
microtome (Leika, Richmond, IL, USA) at a thickness of 7 mm
and stained with hematoxylin and eosin. For consistency,
data were gathered using the ﬁfth, 15th, and 25th histo-
logical sections of each ovary [36]. Quantitative analyses
were based on calculating the surface area of the cortical
and medullar regions, and then counting the follicles
present in each. Surface area measurements were per-
formed using a digital planimeter and AutoCAD (Autodesk
Inc., San Rafael, CA, USA).
For in situ follicle quantiﬁcation, ovaries collected from
24 bovine fetuses aged 4 to 9 months, ﬁxed in 10% para-
formaldehyde, and transported to the laboratory for
histologic processing. After parafﬁn embedding, 7-mm thick
serial sections were made with a microtome and then
stained with hematoxylin and eosin as described above.
Only primordial, primary, and secondary follicles with an
equatorial section yielding a visibly spherical nucleus
within the oocyte were used for quantiﬁcation (total
number of follicles), follicle size measurement, and for
counting the number of granulosa cells (normal and
apoptotic). To determine the follicular and oocyte diameter,
an ocular micrometer (Zeiss) coupled to a light microscope
(Olympus CH30, Melville, NY, USA) with a 40 objective
was used.
The total number of follicles (N) was calculated using
the following formula [37]:
Total N ¼
No: of follicles  total number of cuts
per ovary  cut thickness
No: of cuts analysed  mean nucleus
diameter of each follicle class
Quantiﬁcation of each follicular class (primordial, primary,
and secondary) was performed in ovaries grouped by fetal
age.
2.4. Analysis of apoptosis using the TUNEL assay
Apoptosis in ovaries from bovine fetuses aged 4, 5, 7, 8,
and 9 months was evaluated using the TUNEL assay (TACS
XL-BASIC, R & D Systems, Minneapolis, MN, USA) according
to the manufacturer’s instructions. Samples were evaluated
under light microscopy (Olympus CH30, magniﬁcation 
100). Apoptosis was subjectively coded as densely present
(þþþ), moderately present (þþ), rarely present (þ), or
absent (), as described [18], and classiﬁed per age group.
In addition, the number of TUNEL positive cells was coun-
ted for each follicular class (i.e., primordial, primary, and
secondary).
2.5. Statistical analysis
Statistical analyses were performed using BioEstat 5.0
software [38] and differences were considered signiﬁcant
at a P < 0.05. Linear regression and correlation analyses
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ovarian weight, cortical and medullar area, and follicular
population, and the relationship of ovarian measurements
(weight and area) with follicular activity (numbers and
types of follicles). In addition, ANOVAwas used to compare
mean values of ovarian weight and area, and number of
isolated follicles, follicular density, number of antral folli-
cles, and the percent of various follicle types among various
fetal ages. When signiﬁcant differences were detected,
Tukey test was used to separate means.0
20
40
60
80
100
120
140
160
0 2 4 6 8
O
v
a
r
i
a
n
 w
e
i
g
h
t
 (
m
g
)
Fetal age (months)
Fig. 1. Linear regression between ovarian weight and age in bovine fetuses
(y ¼ 25.5150.57; r2 ¼ 0.8586).
Table 1
Mean  SEM weight and size of the ovaries from bovine fetuses at various ages.
Fetal age, mo (CRL) Ovarian weight, g Area, mm2 (% o
Cortical
3 (15–23) (N ¼ 9) 0.035  0.004a 11.05  1.04 (6
4 (24–34) (N ¼ 8) 0.052  0.01a,b 11.51  1.47 (5
5 (35–47) (N ¼ 9) 0.067  0.01a,b 13.60  5.45 (5
6 (48–62) (N ¼ 6) 0.081  0.03b 10.76  5.55 (5
7 (63–79) (N ¼ 6) 0.148  0.11c 12.63  4.62 (4
Within a column, means without a common superscript letters differed (P < 0.0
Abbreviation: CRL, crown- rump length (cm).
Table 2
Mean  SEM number of isolated follicles, follicular density, and number of antra
Fetal age, mo
3 4 5
Isolated follicles 102.5  141.1a 3084.3  2554.4a,b 4
Follicular densityc 0 22.6/mm2 5
Antral folliclesc 0 0
Within a row, means without a common superscript letters differed (P < 0.05).
c No statistical analyses were performed.
Table 3
Mean  SEM percentage of primordial, primary, and secondary follicles isolated
Follicular class Fetal age (mo)
3 4
Primordial 35.89  50.01 43.25  28.71
Primary 11.53  28.26a 51.78  26.14a,b
Secondary 2.56  6.27a 4.94  4.19a
Within a row, means without a common superscript letters differed (P < 0.05).3. Results
The average weight of the fetal ovary increased signiﬁ-
cantly with age, with a peak at 7months. As expected, there
was a strong correlation (r ¼ 0.9266; P ¼ 0.0236) between
ovarian weight and fetal age (Fig. 1). Conversely, measure-
ments of the cortical, medullary, and total ovarian areas did
not correlate with the number of follicles isolated. For
instance, although the cortical region area was similar
among age groups, the medullar region surface area was
signiﬁcantly larger at 7 months. The cortical and medullar
regions corresponded to 63% and 37% at 3 months, 53% and
47% at 4 months, 54% and 46% at 5 months, 50.5% and 49.5%
at 6 months, and 46% and 54% at 7 months, of the total
surface area, respectively (Table 1). Thus, it appeared that
the change in ratio between the two ovarian regions was
more important in determining ovarian development than
the actual change in size. In addition, both the weight and
total surface area of the ovary increased signiﬁcantly at 4
months and then again at 7 months, indicating a marked
boost in development at those stages.
Similarly, the total number of isolated follicles increased
from 3 months onward, with the largest number present at
6 months (Table 2). Accordingly, the greatest follicular
density occurred at 4 months, indicative of a sudden boost
in follicular activity at the stage that was not accompanied
by corresponding ovarian growth (Tables 1 and 2). Inter-
estingly, antral follicles were not observed in the ovary
until 5 months of fetal age, and by 7 months the totalf total area of the ovary)
Medullar Total area
3) 6.61  1.51 (37)a 17.68  1.19 (100)a
3) 10.2  0.85 (47)a 21.72  1.39 (100)a,b
4) 10.93  2.3 (46)a 24.53  0.79 (100)b
0.5) 12.12  0.18 (49.5)a 22.89  6.80 (100)b
6) 17.31  9.93 (54)b 29.95  8.76 (100)c
5).
l follicles in the ovaries of bovine fetuses of various ages.
6 7
703.7  3437.8b 12855.0  9030.1c 3208.7  3249.5a,b
.9/mm2 6.3/mm2 5.3/mm2
3.2  5.3 1.7 1.3 2.5  2.8
from the ovary of bovine fetuses at various ages.
5 6 7
26.28  25.85 22.29  12.89 16.09  16.24
56.58  20.11b,c 70.51  12.82c 71.87  10.74c
17.24  14.47b 7.16  3.86a,c 12.00  12.12b,c
Table 4
Mean  SEM in situ follicle quantiﬁcation and characterization of
apoptosis in the ovaries from bovine fetuses of various ages.
Fetal age,
mo
Primordial
follicle
Primary follicle Secondary
follicle
Apoptosis
4 (N ¼ 4) 29634  21611 11466  7206 400  284 DD
5 (N ¼ 4) 44188  40614 19832  11694 689  924 DD
6 (N ¼ 2) 54251  38338 23937  14310 2149  1120 Not
available
7 (N ¼ 6) 37721  25212 23374  13813 2960  1626 DD
8 (N ¼ 5) 78120  43568 40787  21077 3915  3900 DD
9 (N ¼ 3) 22200  14303 16804  80455 1064  724 D
Symbols indicate: þþþ, densely packed; þþ, moderately present; þ,
rarely present.
Fig. 2. Photomicrographs of histological sections of ovaries from bovine fetuses of various ages. (A) Five months of age: primordial follicles are present; apoptotic
follicular cells in the cortical region are denoted with arrows;magniﬁcation 400. (B, C, and D) Sevenmonths of age. (B) The cortical region (denoted C) presenting
moderate levels of apoptosis is shown;magniﬁcation 100. (C) At higher magniﬁcation, the pattern of moderate apoptosis in the cortical region is shown; primary
follicles are also evident; magniﬁcation  100. (D) Presence of an antral follicle is shown; magniﬁcation  100. (E) At 8 months of age, more antral follicles were
present; magniﬁcation  100. (F) Nine months of age, the cortical (denoted C) and medullar (M) regions displaying rare apoptotic cells; magniﬁcation  100.
Table 5
Mean  SEM follicular and oocyte diameters and numbers of normal and
apoptotic follicular cells in the equatorial cut of ovarian follicles from
bovine fetuses.
Follicular
class
Follicle
diameter,
mm
Oocyte
diameter,
mm
Normal
follicular
cells
Apoptotic
follicular
cells
Primordial
(N ¼ 71)
33.5  4.9 23.6  4.4 6.6  1.6 0.6  1.0
Primary
(N ¼ 46)
43.5  6.0 28.6  5.2 14.6  3.9 0.5  0.9
Secondary
(N ¼ 17)
77.2  28.3 38.0  14.9 66.8  46.4 1.3  1.6
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previous measurements at 6 months (Table 2).
The mean percentages of each type of follicle (primor-
dial, primary, or secondary) by fetal age are shown
(Table 3). There was no difference (P > 0.05) among age
groups in the percentage of primordial follicles. Interest-
ingly, there appeared to be a tendency for the percentage of
primordial and primary follicles to decrease, and the
percentage of secondary follicles to increase, with fetal age.
However, the high variability (P < 0.05) for all follicle
populations up to 5 months of age precluded further
analysis and interpretation of these results. Similar results
were obtained when performing in situ quantiﬁcation of
the three types of follicles across fetal age (Table 4).
Notably, only moderate levels of apoptosis were noted in
the cortical region and follicular cells of ovaries from fetal
calves at 4, 5, 7, and 8 months of age (Fig. 2A–D). Similarly,
ovaries from 9-month-old fetuses rarely had apoptosis in
the cortical region or follicular cells. Conversely, the
medullar region appeared densely packed with apoptotic
cells in ovaries from all age stages (Fig. 2F).
Data for morphometry of follicles and oocytes, and
quantiﬁcation of normal and apoptotic follicular cells in
primordial, primary, and secondary follicles are summa-
rized (Table 5).4. Discussion
The main goal of this study was to provide an objective
characterizationof ovariandevelopment in thebovine fetus,
by assessing ovarian size as well as to assess follicular
population at various stages of fetal development to ascer-
tain the potential role of apoptosis in this process. In
previous studies, the averageweight and surface area of the
cortical and medullary ovarian regions were larger in cattle
breeds than in buffaloes of the same fetal ages [34]. This
would be consistent with the well-accepted premise that
ovaries are larger in cattle than buffalo at the adult stage.
Although we did not directly compare cattle and buffalo
ovaries, the number of follicles isolated in this study at 3 to 7
months of fetal age was similar to that previously reported
in cattle [19], but higher than in buffalo fetuses of the same
age [34]. Conversely, the results obtained in regard to in situ
follicular quantiﬁcation in this study were similar not only
to those previously reported for Bos indicus [23], but also to
buffalo [22] fetuses. Moreover, in agreement with previous
studies, there was large variation in follicle population
among animals of the same age and among various fetal
ages [3,19,20]. At the end of the ﬁrst trimester of pregnancy,
there are approximately 2  106 germ cells in bovine fetal
ovaries, although this number decreased dramatically until
birth [20]. Interestingly, in the present study, the highest
follicular densitywas observedat 4monthswith thehighest
rate of follicular isolation at 6 months of fetal age. However,
interpretation of these ﬁndings was precluded by large
individual variations between 5 and 7 months which made
statistical comparison unfeasible. These results did not
support previous reports [26,27], in which the greatest
number of follicles occurred at 5 months of fetal age. We
hypothesize that the decline in the density after 4 monthswas probably a result of waves of follicular degeneration
described in humans [2] and cattle [3].
Notably, antral follicles were observed as early as 5
months of fetal age, in agreement with some reports [20].
However, others reported the presence of antral follicles
beginning at 6 or 7 monts in cattle [39,40], and at 6 months
in buffalo [34] fetuses. Although there is no clear expla-
nation for these ﬁndings, different results could stem from
differences in the calculation of fetal age, the use of diverse
cattle breeds, or potentially variations in individual cattle
populations as a result of selection.
In the present study, the average diameter measure-
ments of primordial, primary, and secondary follicles and
of oocytes were lower than some of those previously re-
ported [6], although in agreement with those reported in
adult cattle [41,42] and adult buffaloes [43]. Though the
number of follicular cells in primordial, primary, and
secondary follicles was similar to those previously re-
ported in adult cattle [41], it differed from reports in adult
buffaloes [43].
Notably, in this study, apoptosis was detected in follic-
ular cells and ovarian stromal cells, and mainly in the
medullar region in all fetal ages studied, in accordancewith
reports in other species. Apoptosis is a programmed
process responsible for the loss of 99% of the follicles of the
initial ovarian pool, and these losses are necessary for
maintenance of ovarian homeostasis [5,44]. Accordingly, it
was previously reported that apoptosis occurred in
approximately 80% of ovarian germ cells [45]. Thus cell
death from apoptosis has been reported in various follicular
compartments (follicular wall, granulosa, and cumulus
cells), with a high variability in the rates of apoptosis
among follicles that might appear morphologically iden-
tical [46]. As in other studies and using the TUNEL method,
we identiﬁed apoptosis in granulosa cells [47], the death of
which is associated with atretic events in the ovary [48].
Thus the process of follicular development and survival
depends on autocrine and paracrine signaling events
involving growth factors produced by granulosa cells, theca
cells, stromal-interstitial cells, and oocytes. These factors
include molecules such as bone morphogenetic protein-4
(BMP-4), Bcl-2, Kit, ﬁbroblast growth factor, Growth
differentiation factor-9, and other stem cell factor [49].
Furthermore, whether apoptosis occurs in the germ cells or
supporting granulosa cells might depend on the stage of
development [16]. For instance, during fetal life, apoptosis
can be identiﬁed at the level of the germ cell itself, whereas
in adult life, it is more common to detect apoptosis in the
granulosa cells of antral and secondary follicles. The
hypotheses for this loss by apoptosis include cellular
“quality control” to eliminate meiotic anomalies, defects in
survival factors produced by somatic cells, and self-sacriﬁce
and selﬂess death [50].
4.1. Conclusions
This study demonstrated apoptosis in fetal bovine
ovaries, consistent with previous reports in adult cattle and
buffalo [18]. Moreover, we were able to isolate primordial,
primary, and secondary follicles as early as 3 months of
fetal age. Although apoptosis was identiﬁed in ovaries from
S.S.D. Santos et al. / Theriogenology 79 (2013) 344–350 349different fetal ages, there was a large variation among ages
in the follicle population. Further studies with a larger
sample size should be performed to further characterize
when fetal ovarian apoptosis starts and speciﬁc mecha-
nisms involved in this physiological process.
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